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Abstract

Fuel cells offer a more efficient and fuel flexible technology that produces heat and power with lower emissions. It is
observed that by integrating fuel cells with the gas turbines, more than 70%thermal efficiency can be achieved from the
combined cycle. This proves to be a better exergetic performance when compared to the conventional gas turbine plants.
A Solid Oxide Fuel Cell-Gas Turbine combined cycle power plant is modeled and parametric exergy analysis is done to
evaluate the energy efficiency, exergy efficiency and the exergy destruction of each component in the system. The effect of
pressure ratio, turbine inlet temperature and ambient temperature on the performance of the system is investigated by
using diesel and gasoline as fuels. The outcome of the modeled system reveals that SOFC and combustion chamber are
the main sources of exergy destruction. At optimum pressure ratio, the total thermal efficiency using gasoline and diesel
is found to be 71.36% and 70.72% while the exergy efficiency is found to be 66.53% and 66.76% respectively.
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1. Introduction

High temperature fuel cells like Solid Oxide Fuel Cell and
Molten Carbonate Fuel Cell have more potential to
achieve higher efficiency for electricity production and are
being used in USA (Williams, 2004).1t is observed that
pressurized SOFC increases the performance with an
increase in output voltage. However the improved
performance allows the integration of the SOFC with gas
turbine and needs the flow of hot pressurized gas to
operate. Since the SOFC stack operates at 1000°C it
produces a high temperature exhaust gas. At elevated
pressure, the hot pressurized exhaust gas can be used to
drive a turbine. In SOFC-GT combined system, the
compressed air needed by the fuel cell is supplied from the
compressor of the gas turbine plant. The SOFC performs
as combustor and the exhaust from the SOFC through
combustion chamber drives the turbine and generator.
Electrical Power is thus generated by the SOFC (DC) and
the generator (AC) using the same fuel and air flow. While
the thermal efficiency of a conventional gas turbine plant
is around 40%, the SOFC / MCFC integrated gas turbines
will have an efficiency of 56%-76% with varied
configurations (Haseli, et al, 2008). The parametric exergy
analysis of each component of the hybrid system is
revealed from the literature survey (Cocco, et al,
2007).Siemens-Westinghouse power company developed
the tubular SOFCs for different applications of stationary
power generation. By integrating the SOFC stacks with
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gas turbine and pressuring the system (PSOFC/GT),the
efficiencies as high as 70-75% could be obtained
(Casanova, 1988). An internal reforming hybrid SOFC/GT
system could get an electrical efficiency more than 60
%(Chan, et al,2002).The SOFC/GT hybrid system can be
extended to multi MW power generation system
depending upon  commercially  available  gas
turbines(Song, et al, 2006). The SOFC systems were also
analyzed by Calise, et al (Calise, et al, 2006). Zhang et
al have presented the integration strategies for SOFCs
(Zhang, et al, 2010).Douvartzideset al revealed an energy-
exergy analyses to optimize the operation conditions of a
SOFC/GT power plant considering only hydrogen
oxidation within the fuel cell and rejecting the effect of the
cell losses instead of methane reforming and carbon
monoxide conversion (Douvartzides, et al,
2004).Granovskii et al, have compared the performance of
two combined SOFC-GT systems (Granovskii, et al,
2007). A thermodynamic exergy analysis of a combined
gas turbine power system with a solid oxide fuel cell was
carried by Haseli et al(Haseli, et al, 2008).The application
of Yttria-stabilised zirconia cermet anodes in SOFC
systems allows the conversion of methane into hydrogen
and corbon monoxide on their surfaces. This consists of
two simultaneous processes; conversion of methane to
synthesis gas (internal reforming) and electricity
generation via oxidation of the synthesized gas(Cocco, et
al, 2007). The cogeneration efficiencies of fuel cell
systems have also been evaluated and compared with
exergy methods(Granovskii, et al, 2008).Zhu and Kee
have revealed the impact of fuel utilization factor on
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SOFC efficiency using a detailed electrochemical model
and generated efficiency maps which give the range of
methane-steam mixtures for maximum efficiency (Zhu
and Kee, 2006). The exergy analysis of combined cycle
power generation unit gives the details of exergy
efficiency, exergy loss and exergy destruction for
individual components in the plant and also for the overall
plant (Reddy and Mohammed, 2007).The pressure ratio
and the turbine inlet temperature are considered as the key
parameters in the analysis of combined cycle power plant
(Srinivas, et al, 2006).The main objective of the present
work is to investigate the performance of SOFC-GT plant
using diesel and gasoline as fuels and to evaluate the
exergy losses in each component of the plant. The results
may be utilized for the development of efficient operating
conditions of the plant.

Fig. 1 Schematic flow diagram of the SOFC- GT
combined cycle power generating system; REC:
recuperator, FC: fuel cell, CC: combustion chamber,
COM: compressor, TUR: turbine, GEN: Generator.

2. Thermodynamic modeling and analysis

Assumptions made:

Cell area, A, = 834 cm?

Cell voltage, V =0.7127 V

Current density, j = 0.3 A/cm?

HHYV of Diesel = 44800 kJ/kg

LHV of gasoline = 44400 kJ/kg

Aiir utilization factor, U, = 25 %

Fuel utilization factor, Ui=85%

SOFC stack temp, Tgaq= 1273K

DC — AC Inverter Efficiency, #inverter = 0.89

DC power output from fuel cell stack = 2000 kW
Specific chemical exergy of Diesel = 47230J/kg
Specific chemical exergy of Gasoline= 47394 kJ/kg

The schematic flow diagram of the SOFC-GT combined
cycle power generating system is shown in Fig. 1. The fuel
is supplied to the SOFC and combustion chamber. The air
is pressurized in the compressor, preheated in the
recuperator and is supplied to the cathode of the fuel cell.
The outlet air from cathode is used to burn the residual
hydrogen, carbon oxide and fuel in the anode outlet gas.
As the products of the chemical reaction are lean,
additional fuel is injected into the combustion chamber to
stabilize the combustion. The extra fuel supplied is not
intended for increasing the turbine inlet temperature. The
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high pressure flue gas from combustion chamber is
expanded in the turbine. The exhaust gas from the turbine
is utilized to preheat the compressor outlet air in the
recuperator. A computer program is developed to perform
the analysis of the plant which consists of several control
loops to calculate the thermodynamic properties of the
fluid and exergy values at various state points. The effects
of system parameters viz. compressor pressure ratio,
turbine inlet temperature, air fuel ratio and ambient
temperature on the plant performance are depicted. The
following are the chemical reactions that take place
generally in SOFC during power generation (Rao, et al,
2003).

Anode: H, +0% > H,0+2 (1)
2- -
C0+0" —C0,+2e @)
. - 2-
Cathode: 0, +4e” »20 ®)

In the current analysis, it is assumed that the fuel reacts
with H,O and releases H, and CO. CO again reacts with
H,O in shift and produces H,. The heat required for
reformer is supplied by the SOFC. Ideal voltage values for
an intermediate temperature SOFC operating at 800° C and
1100°C are 0.99V and 0.91V respectively (Uechi, et
al,2004).The thermodynamic performances of all the
components of the system are analyzed using the
following governing equations.

2.1 SOFC

The rate of heat production due to irreversibilities (Zhang,
et al, 2010)

Qgen,Fc = Pele,DC |:(1V25j —1:| ><10*6
‘ KW ()

Mass flow rate of air

P
M, rc = 3.57x1077 x A x ele,DC
VC ) kg/s (5)
Physical exergy

E, pny =MC, {(T -Ty)-T, In(TlHJr RT, |n(§}
’ ° (6)

Chemical exergy

X
Ex,chemical =mR TOZXi In[—lj

Yi (7)
Irreversibility of the combustion reaction
7 “(SP)4(Sp]o}[(Sa)a(Sa)o}%(AS)reaC”"”}J (®)
To(AS),,, =M (LHV), (@ —1) (9)

by energy balance(Calise, et al, 2007)
mh, =My, xU; x LHV +my x(1-U, ) hyin= Py, oo ~mh, =0

(10)
By exergy balance (Calise, et al, 2007)
77 — Pele, DC
e [mﬁc X (‘"me +¥y )+ My xU ¢ x Wy ¢ J_ [m4\}‘4_m3\P3]
(11)

2.2 Combustion Chamber

by energy balance
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(mS +U f XMy ) h4 + Qcombustion —Ms h5 - Qloss =0
(12)

where

Qcombustion = [m fic ™ (17U f " Miic H xLHV
(13)

Qioss = [m fc (1_U f )+ M ffc }( ﬁ_ "Tcombustion )X LHV

(14)
By exergy balance irreversibility in combustion chamber

'ec :H(SpJS_(Sp)o}_{(sa)ﬂr_(Sa)o}"'{(AS)rxn}o}

(15)
Exergy efficiency
m.%W. —-m,¥
77e><,CC = >0 1 XlOO
My X (1_U f )\Pch,f My (\Pphf + W )
(16)
2.3 Compressor
Irreversibility in the compressor
I compressor TO (SZ - Sl) (17)
Exergy efficiency
m, (v, —v.)
ncompressor = 2 h2 h s x 100
m, ( 2 1) (18)
2.4 Recuperator
Irreversibility in the recuperator
Irecuperator =me(Ye — ¥;) — my(¥3; — V1) (19)
Exergy efficiency
. - m (¥, -Y,)
x,Rec —
€ ec me (\Pe _1P7 ) (20)
2.5 Gas Turbine
Rate of exergy loss in the gas turbine
I gasturbine — m; ><TO x (SS - SG) (21)
Exergy efficiency
w :
gasturbine
77 gasturbine — —F——_—— <100
oastrd mg (Ts - ‘Pa) (22)
2.6 Performance of the plant
Total net power develop by the system
Pnet = PFC,AC + Pgen (23)
The total thermal efficiency of the cycle
nth,cycle = PHEI Xloo
tot (24)
The exergy efficiency of the cycle
P
nex,cycle = = Xloo
my (\me +Wy +\Pf,ch) (25)

3. Results and discussion
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The variation of cycle and exergy efficiency with the
variation of pressure ratio is depicted in Fig. 2 and Fig. 3.
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Fig. 2 Variation of cycle thermal efficiency with pressure
ratio
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Fig.3Variation of cycle exergy efficiency with pressure
ratio

The thermal and exergy efficiencies increase with the
pressure ratio up to 9 and then decrease. Using gasoline as
fuel, at optimum pressure ratio9the total thermal efficiency
and the exergy efficiency is found to be 71.36% and
66.53%. Similarly using diesel as fuel, at the optimum
pressure ratio 9 the total thermal and exergy efficiencies
are found to be 70.72% and 66.76% respectively. Fig. 4
presents the variation of net power output from the gas
turbine with the pressure ratio.
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Fig.4 Effect of the pressure ratio on net power developed
by the generator
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The increase in power output is due to the higher cell e. m.
f. The maximum net power output is 853.29 kW at the
optimum pressure ratio 9. The difference between
enthalpy of reaction and cell electrical output is the heat
energy available for raising the temperatures of input fuel
gas and air in fuel cell up to the cell operating temperature.
The greater the heat for raising the temperature of gas and
air streams, the more is the exergy loss.
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Fig.5 Effect of the pressure ratio on exergy destruction of
the system

With higher pressure ratio, this heat decreases as the
difference between fuel cell operating temperature and the
temperature of air to the fuel cell decreases. Hence, the
exergy loss decreases and exergetic efficiency increases.
Fig. 5 depicts the variation of exergy destruction with the
increase in pressure ratio due to increase irreversibilities in
all the components particularly in combustion chamber
and fuel cell. At higher pressure ratio, the electrochemical
reaction in the fuel cell increases resulting in less
combustibles for combustion in combustion chamber.
Hence, the exergy destruction due to chemical reaction in
combustion chamber decreases at higher pressure ratio. As
a result, the exergy loss decreases and exergetic efficiency
increases for combustion chamber with higher pressure
ratio. With increase in pressure ratio, the temperature of
the exhaust gas form the gas turbine decreases. Hence, at
high pressure ratio, the heat transfer in the recuperator
occurs at low temperature difference. This gives lower
exergy loss at high pressure ratio in the recuperator. Fig.6
and 7 show the variation of thermal and exergy efficiency
with the turbine inlet temperature. The efficiencies
increase with increase in turbine inlet temperature.
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Fig.6 Effect of the turbine inlet temperature on thermal
efficiency of the system
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It is due to the utilization of exergy of unburnt fuel from
the fuel cell and the additional supply of fuel in the
combustion chamber. In Fig.8 the variation of net power
developed by the gas turbine with the turbine inlet
temperature is presented. The increase in power output
requires higher fuel flow rate which leads to the increase
in total exergy destruction. So power output from turbine
can be controlled by adjusting air fuel ratio.

74

72

Exergy Efficiency, %
[+ [ [+ ~
b 3 & 3
T T T T

@
R
T

: : c : c :
1100 1150 1200 1250 1300 1350 1400

Turbine Inlet Temperature, K
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Fig. 8: Effect of the turbine inlet temperature on net power
developed by the generator.

The variation of exergy destruction with the turbine inlet
temperature is presented in Fig. 9.Both the exergy
destruction and net power output from the turbine as well
are found to increase with increase in turbine inlet
temperature. This is due to the fact that the temperature of
the working fluid in the gas turbine is high. Power output
of about 30 to50% of fuel cell power can be obtained from
the generator. The effect of increase in ambient
temperature on the variation of efficiency is depicted in
the Fig.10.
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Fig.9 Effectof Turbine inlet temperature on exergy
destruction of the system
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Fig.10 Effectof the ambient temperature of air on thermal
and exergy efficiency of the system
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Fig.11 Effect of the ambient temperature of air on net
power developed by the generator.

Due to higher power requirements, the cycle efficiency
decreases with an increase in ambient temperature.Fig.11
presents the variation of net power developed by the gas
turbine with the ambient temperature of air. The net power
output from the gas turbine is decreases by 106 kW, for
every 20°C increase in the ambient temperature. The
maximum exergy destruction occurs in the SOFC and
combustion chamber irrespective of the type of fuel used.
This is due to the high temperature of the working fluid,
chemical reactions and a small pressure drop. At the
optimum pressure ratio of 9, the maximum exergy
destruction is found to be 1622 kW for gasoline and 1594
kW for diesel. Fig.12 shows the exergy of working fluid in
each component of the system.

Gas Turbine
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Compressor

T T
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Fig.12 Exergy of working fluid in each component of the

system.

Table 1Comparison of performance of SOFC-GT power
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generating system with diesel and gasoline fuels

. Fuel used
Particulars - .
Diesel Gasoline
Thermal efficiency 70.72 % 71.36%
Exergy efficiency 66.76 % 66.53%
Exergy Destruction 1594 kW 1622kW

Conclusion

1) Combined cycle power plants have higher efficiency
than those of recuperated conventional gas turbine
plants because the exergy losses of combustion are
minimized.

2) An increase in pressure ratio results in lower rate of
exergy destruction of the plant, which increases the
total thermal and exergy efficiency of the system.

3) The increase in turbine inlet temperature and ambient
temperature yields higher rate of exergy destruction of
the plant.

4) The generating efficiency peaks at a particular
pressure ratio, but the variation of pressure ratio near
the optimum point does not lead to a remarkable
difference.

5) The exergy destruction in fuel cell is highest
compared to other components in the system, though
it is an efficient device.

6) Exergy analysis of each component provides better
understanding of losses at various states of the
system.

7) Gasoline gives higher energy and exergy efficiencies
compared to diesel.

8) Diesel fueled SOFC-GT hybrid systems are more
clean and efficient energy solutions compared to
internal combustion engines for electrical power
generation.

Nomenclature

v specific exergy fuel (kJ/kg)

| exergy destruction rate (kW)

HHV higher heating value (kJ/kg)

h enthalpy (kJ/kg)

| current (mA)

j current density (mA/cm2)

LHV lower heating value (kJ/kg)

m mass flow rate (kg/s)

P pressure (kPa)

Q heat transfer rate (kW)

Q GenyFc heat generation rate within the cell stack (kW)
R universal gas constant (8.314 J/mole K)
T temperature (K)

To reference temperature (K)

w power (KW)

Wec de DC power output of the cell stack (kW)
Whet net power output of the plant (kW)

A Stoichiometric constant
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Subscript
act activation
cyc Cycle
c Cell
Comb combustion chamber
Conc concentration
ch,f chemical exergy of fuel (kJ/kg)
Ex exergy
FC fuel cell
fm mechanical exergy of fuel (kJ/kg)
Gen generator
In inlet
Ohm ohmic
Out outlet
Phf physical exergy of fuel (kJ/kg)
thf thermal exergy of fuel (kJ/kg)
th thermal
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